Abstract An investigation has been carried out into the relationship between rainfall and African Easterly Wave (AEW) phase over the Bakoye River catchment in West Africa. Daily values of raingauge data and cold cloud duration (CCD) from satellite imagery, together with humidity and vertical velocity fields (from ECMWF model analyses) have been compared with dominant wave phase also obtained from ECMWF wind fields for three rainy seasons. The average results for this relatively small area agree with previous studies from GATE data for the southern part of the AEW region with strongest convection and rainfall in and ahead of the trough. Observations of rainfall and CCD ahead of the trough are consistent with a simple model of AEW structure, which requires sufficient low-level moisture to trigger convective rain ahead of the trough. There is some indication that the relationship between cold cloud duration and rainfall depends on wave phase. Analysis of storm types shows a higher frequency of active storms ahead of the trough with a minimum around the ridge.
INTRODUCTION
As part of a project to investigate the influence of weather systems on satellite-based rainfall estimates, an analysis of African Easterly Wave (AEW) activity and rainfall has been carried out over the Bakoye catchment in Mali, West Africa, using three years of data for the main rainy season months of July, August and September. The details of the rainfall monitoring and its relevance to hydrological forecasting are described in the first of this set of papers (Grimes & Diop, 2003) . In this paper, the authors report on the analysis of the wave activity and investigate the relationships between wave phase, rainfall and storm type. This is of interest as the dynamics of African Easterly Waves (AEWs) are not completely understood, particularly with respect to the association between wave phase and convection. However, they have a significant impact on rainfall over much of the Sahel. This study differs from most previous observational studies of AEWs in that it examines in detail wave activity over a relatively small area and uses daily raingauge and satellite estimates of rainfall to confirm the presence of deep convective rain. The relationship between wave phase and convection is discussed in the context of simple dynamical model of wave-related convection. In this paper, current knowledge of African Easterly Waves is first reviewed; then a description is given of the study area and data, followed by a description of the relationship between wave phase, rainfall and other weather parameters and, finally, a discussion of the distribution of different storm types with respect to wave phase.
BACKGROUND
African Easterly Waves are synoptic scale disturbances, which propagate westwards across North Africa into the Atlantic where they sometimes develop into tropical cyclones. They were first identified by Piersig (1936) , but only since the late 1960s has there been any investigation into the origin and the physical causes of the waves (Carlson, 1969a,b; Frank, 1970) . Burpee (1972) identified the longitude 15°E as the generation region and suggested that the growth of the easterly waves was sustained by a combined barotropic and baroclinic instability of the African Easterly Jet. This is supported by the modelling studies of Rennick (1976) , Simmons (1977) and, more recently, Thorncroft & Hoskins (1994) and Pytharoulis & Thorncroft (1999) . In terms of actual measurements, AEWs were intensively studied during the Global Atlantic Tropical Experiment (GATE) Norquist et al., 1977; Thompson et al., 1979; Payne & McGarry, 1977, among others) . Observational work has also been carried out by Duvel (1989 Duvel ( , 1990 and Druyan et al. (1996 Druyan et al. ( , 1997 .
The statistical (composite and spectral) analyses have shown a general agreement about the structure of the waves; they are strongest at 700 mbar around 15°N, have a wavelength between 1500 and 4000 km, a phase speed of about 8 m s ) and a period of 2.5-5.5 days. There is also general agreement that the waves act to modulate convective activity although there is substantial variation among the results of different authors with respect to the position of maximum convection. However, most composite analyses are consistent with the idea that maximum rainfall occurs ahead of the trough for southern latitudes (south of 12°N) and behind the trough for northern latitudes north of 15°N. In a recent study of NWP model data, Diedhou et al. (1999) identified two periodicities, one of 3-5 days and another of 6-9 days. They suggest that the longer period regime only occurs north of the African Easterly Jet and is associated with convection in and behind the trough, while the shorter period waves occur both north and south of the jet and are associated with convection in and ahead of the trough. Nevertheless, the details of the mechanism and the exact relationship between wave phase and convection are still not fully understood.
THE DATA SET
The location of the Bakoye catchment is shown in Fig. 1 . It extends from 11.5°N to 15.5°N and 6.5°W to 10.5°W and has an area of about 85 000 km 2 . Daily raingauge data from the Mali Meteorological Service have been used to compute the mean area catchment rainfall. The positions of the available gauges are shown in Fig. 2 . Radiosonde data from Bamako in Mali (see also Fig. 2 ) have been used to compute precipitable water. AEWs have been identified from the European Centre for Medium Range Weather Forecasting (ECMWF) numerical weather analysis products with a horizontal resolution of about 200 km. Operational initialized reanalysis data (henceforth referred to as ERA and described by Gibson et al., 1997) have been used for all fields with the exception of wind in 1988 and 1989 for which the ERA data were unavailable at the time of study. In this case, the initialized analysis field was used. Reed et al. (1987) have shown that the AEWs are well reproduced with the wind fields at this resolution. The mesoscale convective systems have been analysed using daily cold cloud duration (CCD) images, which show the duration of areas of deep convective activity as indicated by cloud tops colder than a specified threshold temperature. Cold cloud duration images were derived from hourly thermal infrared images from the Meteosat satellite using a temperature threshold of -40°C. The method is described in Grimes & Diop (2003) . Cold cloud duration is a particularly useful quantity in this context as it is often used as a proxy for rainfall (Milford & Dugdale, 1990 )-although this must be done with some caution as misclassification can occur due to cold (non-raining) cirrus or rain from warm stratiform clouds.
AFRICAN EASTERLY WAVE IDENTIFICATION AND CLASSIFICATION
For this work, the African Easterly Wave has been defined as any significant oscillation in the flow at 700 mbar between 5°N and 25°N in West Africa regardless of its amplitude and its speed. Daily averages of winds and relative vorticity at low levels (1000, 850 and 700 mbar) have been computed from the four synoptic (00:00, 06:00, 12:00, and 18:00 UT) data sets from ECMWF. The waves were identified by carrying out streamline analyses on the 1000, 850 and 700 mbar charts. They were most clearly defined on the 700 mbar chart. This is in agreement with many authors, such as Reed et al. (1977) . The trough and ridge positions were determined by a change of wind direction from southerly to northerly and from northerly to southerly, respectively; in each case a change of at least 30° was required. The definition used here is similar to that used by Reed et al. (1987) , except that they position the trough to coincide with the maximum relative vorticity.
In order to produce meaningful estimates of CCD and rainfall, some degree of averaging is necessary. For the spatial scale of the Bakoye catchment, daily totals of areal average catchment rainfall are appropriate. For consistency, the same time step must be used for the wave-related NWP analysis fields. Therefore time-averaged fields were computed at each grid point for each 24-h period starting at 06:00 UT to coincide with the standard observation time for rainfall observation. The dominant wave phase over the catchment on a given day was determined by visual analysis of the timeaveraged wind field.
For analysis purposes, the wave has been divided into six phase categories rather than the conventional eight categories used in the GATE studies (e.g. Reed et al., 1977; Duvel, 1990) . This has been done so that one phase approximately matches the catchment width. The designation of phases is given in Fig. 3 . Figure 1 shows an example of easterly waves crossing the Bakoye catchment.
AFRICAN EASTERLY WAVES AND RAINFALL
This section examines the relationship between AEWs, rainfall and CCD in the Bakoye catchment. Figure 4 shows the daily mean catchment rainfall (calculated from raingauges) and daily mean catchment CCD for all rainy days in the three seasons plotted against the dominant wave phase for the catchment. phase are plotted as horizontal bars. The CCD is measured in half-hour units referred to as "slots". The large spread of data at all phases demonstrates the high variability of rainfall events that is often masked by composite analysis. Nevertheless, distinct patterns emerge within each year.
In 1988 there is good agreement between the distribution of rainfall and CCD relative to wave phases. The lack of data in Phases 2 and 5 obscures the pattern, but the highest values of both rainfall and cold cloud are associated with phases 3 and 4 ahead of the trough with a minimum at Phase 6, behind the trough. The rain and cloud ahead of the trough agree with the findings of Reed et al. (1977) , Thompson et al. (1979) , Payne & McGarry (1977) and Duvel (1990) south of 12°N. In contrast, north of 15°N, Duvel found evidence of suppressed convection ahead of the trough. The minimum activity at Phase 6 is consistent with Carlson (1969a) and Thompson et al. (1979) , although it is ahead of the minimum cloudiness for more southern latitudes as defined by Duvel (1990) .
In 1989, the raingauge values are broadly in agreement with the 1988 data with the rainiest events in Phase 4 and a minimum covering Phases 1 and 2. Taking Phases 1 and 2 together, the low recorded rainfall is once more consistent with suppressed convection in and ahead of the ridge described by Duvel (1990) , south of 12°N. However, the CCD data have a somewhat different distribution with maximum cloudiness at Phase 6 showing some agreement with Duvel and others for more northern latitudes. The mismatch between rainfall and CCD suggests variation of the amount of rain per hour of cold cloud at different phases and has implications for estimation of rainfall from CCD (Grimes & Diop, 2003) .
The raingauge amounts for 1992 are generally lower than in the other two years, with only one event greater than 20 mm. In this year, maximum mean rainfall and CCD are associated with Phase 5, but the lowest rainfall values are still in and ahead of the ridge (Phases 1 and 2), again in line with Duvel's study, south of 12°N. The two cloudiest individual events actually occur on a no-wave day and within the ridge. Figure 5 shows the mean values of CCD and rainfall over all three years. The composite picture from the raingauge data confirms the analysis from individual years with highest mean values in and ahead of the trough and lowest values in and ahead of the ridge. The CCD pattern is noisier but still shows greater amounts of cold cloud in and ahead of the trough with a broad minimum extending from Phase 6 to Phase 2. This again suggests that the relationship between CCD and rainfall amount may well be different for different phases of the wave. Comparison between wave and no-wave days leads to a similar conclusion. The mean CCD over all wave days is almost identical (5.3 slots) to the mean for no-wave days (5.0 slots), whereas the mean raingauge measurements for all wave days (7.8 mm) is about 50% higher than for nowave days. This disagrees with the results of Burpee (1974) who found little relationship between wave activity and rainfall in West Africa north of 12°N. These points are discussed more fully by Diop (1998) and Grimes & Diop (2003) . The diversity of the results from the three years indicates a variable relationship between the phase of the AEW and both CCD and rainfall in Bakoye catchment. In addition to the intra-annual variability obvious from Fig. 4 , the wave modulation of rainfall and CCD varies from year to year. The inter-annual variability has also been noted by Duvel (1990) for the wave modulation of clouds. This makes the relationship between the wave phase and rainfall or cloud cover complex and difficult to establish rigorously. A likely reason for the variability is a dependence on other meteorological parameters, such as moisture availability and large-scale convective instability, as mentioned by Carlson (1969a) . These possibilities are discussed in the following sections.
AFRICAN EASTERLY WAVES AND MOISTURE
The relationship between AEW phase and moisture has been investigated using lowlevel specific humidity and precipitable water. Daily averages of specific humidity at 850 mbar were computed from ERA analyses. Figure 6 shows the distribution relative to the wave phases. As noted by Burpee (1972) , its variation with phase is very small. The variation seldom exceeds 1 g kg -1
between wave phases (about 6% of the mean value). All three years show a weak minimum at Phase 4, which is consistent with dry northerlies ahead of the trough and maximum values at phases 5 and 6, presumably associated with moist southerlies. Similar results have been obtained by Reed et al. (1977) , Thompson et al. (1979) and Duvel (1990) at southern latitudes. The year 1992 is markedly drier than other years at all phases.
The precipitable water has been computed for 1988 and 1989 using radiosonde data at Bamako (marked on Fig. 2) . Bamako is sufficiently close to the target catchment that the results should be representative. Figure 7 shows the distribution of precipitable water relative to wave phase in the catchment. Both years show low values behind the trough in Phase 6, but the main difference between the years occurs in and ahead of the trough. In 1988, the precipitable water is high in the trough (Phase 5) and low ahead of the trough (Phase 4). In 1989, the situation is reversed. The low values of precipitable water found at Phase 6 in both years correspond to relatively high specific humidities at 850 mbar. This is consistent with dry air behind the trough above 850 mbar. 
AFRICAN EASTERLY WAVES AND VERTICAL VELOCITY
Convective instability over the catchment has been assessed using the ERA vertical velocity field. The investigation of the relationship between the AEW wave phase and the vertical velocity has been limited to two levels: 700 and 400 mbar (w 700 and w 400 respectively). This is because previous work on the tropical atmosphere (Thompson et al., 1979) associated these two levels with maximum rates of ascent over the eastern Atlantic. These maxima have also been shown around the trough of the easterly waves. Figure 8 shows the mean vertical velocities over the Bakoye catchment plotted against phase for the current study. The plots confirm that the maximum vertical velocity occurs in the vicinity of the trough (ignoring Phase 2 in 1992 which is an average of only two values). The mean maximum velocities at both heights are of the order of 50 mbar day -1 , which is about half the values reported in the GATE studies. This discrepancy is probably due to variation in convection mechanism between ocean and continent and partly to sampling differences. The GATE results were based on only 20 days of strong wave activity compared to nine months with all waves included for this study. The smearing across adjacent phases mentioned previously and the smoothing due to the spatial resolution of ECMWF analyses (Reed et al., 1987) will also contribute. However, the velocities in Fig. 8 are similar to the results of Duvel (1990) , as might be expected from the common (ECMWF) origin of the two data sets.
Taking the data for all three years together ( Fig. 8 ) and once more ignoring Phase 2, the average velocities at both heights follow a similar pattern with a maximum at Phase 4 and a minimum at Phase 1. These vertical velocities are an indication of the strength of convection in the ECMWF model and agree broadly with the variation of mean CCD and raingauge data shown in Fig. 4 . The vertical velocity at 400 mbar is higher than that at 700 mbar for all phases except Phase 4. This is consistent with the picture of deep convection shown by Duvel (1990) for southern latitudes.
The patterns for the individual years, 1988 and 1989 in Fig. 8 are similar to the three-year composite with maximum velocities ahead of the trough and stronger convection at 400 mbar. However, 1992 is somewhat different with w 400 substantially lower than w 700 at Phases 3 and 4. This suggests suppression of deep convection and one might expect to see evidence of this in the observations. A glance at Fig. 4 confirms reduced mean raingauge values ahead of the trough compared to other years with no single event >15 mm. The same clear pattern is not observed in the CCD data. However, the CCD threshold temperature of -40°C is roughly equivalent to a pressure of 250 mbar. It may be that a threshold equivalent to 400 mbar would show better agreement. The high value for w 400 obtained at Phase 2 in 1992 demonstrates that deep ascent during individual events can happen anywhere in the wave as noted by Burpee (1974) and Payne & McGarry (1977) . One of the two Phase 2 days has a low vertical velocity (7 mbar day ) with moderate rainfall (9.3 mm). This emphasizes that rainfall is not only a function of upward motion. Moisture availability is also a necessary ingredient.
DISCUSSION OF AFRICAN EASTERLY WAVES AND CONVECTION
The evidence presented so far has confirmed the diversity and complexity of the relationship between convection, rainfall or cold cloud amount and African Easterly Waves. Although there are differences in previously published results, these often arise from the terminology, area and period of study and types of analyses used, which differ from author to author. It is clear from an analysis of previous studies, in particular Duvel (1990) , that the relationship depends strongly on latitude. At lower latitudes (south of about 12°N) maximum rainfall and convection tend to occur ahead of the trough, while at higher latitudes (north of about 15°N) they tend to occur behind the trough. The results presented in this paper are broadly consistent with previous studies. Here, the area of investigation is closer to the more southern latitudes and the composite analysis of cold cloud and rainfall over three years indeed shows a maximum in and ahead of the trough, although there is evidence of suppressed convection ahead of the trough in 1992.
A possible explanation of the latitudinal difference has been put forward by Thorncroft & Hoskins (1994) . In their model, easterly wave activity is generated by vorticity anomalies associated with the African Easterly Jet. This gives rise to a "checkerboard" pattern of vertical air motion as illustrated in Fig. 9 . The low-level northerly air ahead of the trough is rising while the low-level southerly air behind the trough is sinking. At around 20°N, the northerly air is coming from the Sahara and is dry, thus the upward motion is unlikely to produce condensation leading to deep convection. In contrast, the southerly air behind the trough and above the jet is rising and may trigger rainfall if the air is sufficiently moist. At 10°N, the situation is different. Here sufficient moisture may have been picked up by the near surface northerly air flow to generate deep convection ahead of the trough.
It is possible to interpret the results of this study in terms of the Thorncroft-Hoskins model. The Bakoye catchment lying between 11° and 14°N is intermediate between these extremes and might be expected to vary between the 10°N and the 20°N scenarios depending on available moisture. The rainfall values (Fig. 4) and vertical velocities (Fig. 8) indicate that 1988 and 1989 conform most closely to the southern scenario with strong convection ahead of the trough. On the other hand, the low 400 mbar velocities and rainfall values at Phases 3 and 4 in 1992 are more similar to the northern scenario. If this picture is correct, one would expect to see the suppressed convection associated with reduced near-surface humidity. Figure 6 shows that this is indeed the case. Specific humidity at 850 mbar is relatively low at all phases in 1992. Further evidence is given in w 400 at Phases 3 and 4 and low-level specific humidity. There is no observable corresponding correlation if Phases 1 and 6 (behind the trough) are used.
AFRICAN EASTERLY WAVES AND STORM TYPE

Classification of storms
The storms that occur in the Bakoye catchment during the summers of 1988, 1989 and 1992 have been classified into seven types using hourly TIR Meteosat imagery. The use of frequent imagery has led to a classification that reflects the stage of growth of the storm. The storm types are described below. Each type has been assigned a class number corresponding to probable relative rainfall intensity. This is for consistency with the first of this set of papers (Grimes & Diop, 2003) , which examines rainfall rates associated with different wave phases and storm types. The definitions of all except Storm Type 3 are related to that of Type 6; therefore Type 6 is described first.
Storm Type 6 is a storm associated with a squall line. The definition of squall line used in this study is an adapted version of that of Houze (1982) and Rowell & Milford (1993) . Squall lines are defined as westward moving clouds of any speed and any size whose area B of convective clouds (colder than -60°C) is at least 20% of the area A of convective and stratiform clouds combined (colder than -40°C). A distinction is not made here between slow and fast moving squall lines and there is no lower limit on the size.
Storm Type 4 is a decaying squall line. It is weakening because the environment is no longer suitable for its growth. It is identified by a smooth decrease of its area A. A squall line is deemed to be decaying when the ratio B/A of the convective region and active region is decreasing but is still greater than 0.2.
Storm Type 5 is a decaying squall line, which has found favourable conditions to reinvigorate. The ratio B/A decreases to about 0.2 and starts picking up again. The speed may also increase.
Storm Type 3 is an isolated storm. These are sporadic, stationary storms that develop in the afternoon when solar heating is at maximum and die at the beginning of the night. Convection is often not as deep as for a squall line; as a result their definition does not include the area ratio. They are also much smaller than squall lines; however, they can occasionally produce heavy steady rain.
Storm Type 1 represents the debris left by any type of squall line. This is the remains of squall lines whose area ratio B/A < 0.2.
Storm Type 2 is a squall line which forms from debris. Often when the debris of squall lines survive until the afternoon, new cells tend to regenerate. If additional moisture from the monsoon flux is sufficient and the wind shear appropriate, a squall will redevelop.
Storm Type 7 is a multiple storm-defined as a combination of two or more of the previously listed types.
The classification is summarized in Table 1 . A combination of two or more storm types B = area of cloud colder than -60°C; A = area of cloud colder than -40°C.
Relationship between wave phase and storm type
For the three years analysed, TIR images from 257 days were classified according to Table 1 . Of these 257 days, 120 were associated with wave activity. The percentage frequency of storm types in the wave and no-wave situations is compared in Fig. 11 . The overall pattern is the same in both cases with the predominant types being Type 3 (isolated storm) and Type 7 (multiple types). The proportion of multiple storms is greater for wave days while isolated storms are more frequent on no-wave days. Reinvigoration (of both squall lines and debris-types 2 and 5 together) is roughly twice as frequent on wave days. A more detailed picture of the variation of storm type with wave phase is given in Table 2 . It is unfortunate that very few of the days analysed correspond to Phase 2 lying within the Bakoye catchment, so the results for this phase should be treated with caution.
A better idea of the effects of wave phase on convective activity can be obtained by considering only the active (mature or developing) storm types (2, 3, 5, 6 and 7) which should be associated with vigorous convection. This is presented as a bar chart in Fig. 12 . It can be seen that the higher proportions of multiple storms and reinvigorated systems apparent on wave days in Fig. 11 are mainly associated with Phases 3 and 4. This is consistent with the model of enhanced convection ahead of the trough being the usual situation for the Bakoye catchment.
A comparison of these results with previous work is rather difficult because of the differences in classification of wave phases and storm type. Payne & McGarry (1977) also investigated the relationship between wave phase and cloud clusters obtained from Meteosat TIR data. In their case, they used the occurrence of "cold" cloud with areas greater than 20 degrees 2 as a signature of preferred convection. Data from their Figure 4 (b) has been interpolated to fit the wave phases used in this study and is plotted on Fig. 12 . There is a qualitative agreement in that the main active area is ahead of the trough, but there are differences in the proportion of storms associated with the ridge and trough themselves. Given the difference in storm definition, the small number of events in each data set and the different approaches to wave phase classification, the agreement is reasonable and confirms the high frequency of active storms ahead of the trough.
CONCLUSIONS
The relationship between African Easterly Waves and CCD, rainfall, vertical velocity, moisture and storms types in Bakoye catchment has been investigated for July, August and September 1988 , 1989 and 1992 using daily values derived from raingauges, satellite images and weather analysis products. Results show intra-seasonal and interannual variability which may not be noticed when a composite analysis is performed without examination of individual events. The combined results from all three years are consistent with previous composite analyses based on the GATE data (e.g. for the more southern latitudes around 10°N. Maxima of mean rainfall, CCD and ascent are all found in and ahead of the trough, with minimum values in and ahead of the ridge. However the individual years show some similarities to the more northern latitudes (~20°N) with a rainfall maximum at Phase 6 in 1989 and evidence of suppressed convection ahead of the trough in 1992.
The mean NWP analysis vertical wind fields at 700 mbar show maximum velocity in and ahead of the trough in each of the three years which does not necessarily correspond to the maximum rainfall or cloud. This emphasizes the complexity of the rain generating mechanism and the importance of a moisture source as well as an uplift mechanism. Specific humidity and precipitable water show little variability with wave phase although it is difficult to assess the accuracy of the ECMWF analysis data. All years show relatively low humidity in the dry northerlies ahead of the trough consistent with the GATE studies. In 1992, noticeably lower near-surface humidity at all phases has been noted.
The results are generally consistent with the Thorncroft-Hoskins model of convection in the vicinity of the trough. The high CCD and rainfall ahead of the trough in 1988 and 1989 correspond to relatively high near-surface humidity and strong convection at 400 mbar. In 1992, the reduced convection is linked to lower nearsurface humidity and 400 mbar vertical velocity. There is evidence of correlation between low-level humidity and upper-level ascent ahead of the trough.
Analysis of the storm types over the three-year observation period shows a predominance of multiple types on both wave and no-wave days, but a higher relative frequency on wave days. There is a higher relative frequency of isolated storms on nowave days and reinvigorated systems on wave days. For wave days, active storms are associated mainly with Phases 3, 4 and 6. Making allowance for differences in definition of storm type and phase, the distribution with respect to phase is similar to that reported by Payne & McGarry (1977) .
A marked inter-annual and intra-seasonal variability in the rainfall and CCD has been observed. There is evidence that the relationship between CCD and rainfall depends on the dominant wave phase for the catchment. This is a useful result for hydrological applications of satellite-based rainfall estimates described in Grimes & Diop (2003) .
